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Abstract 

Spent nuclear fuel reprocessing to recover energy-producing elements such as uranium or plutonium can be performed 
by a pyrochemical process. In such method, the actinides and fission products are extracted by electrodeposition in a 
molten chloride medium. These processes generate chlorinated alkali salt flows contaminated by fission products, mainly 
Cs, Ba, Sr and rare earth elements constituting high-level waste. Two possible alternatives are investigated for managing 
this wasteform; a protocol is described for dechlorinating the fission products to allow vitrification, and mineral phases 
capable of immobilizing chlorides are listed to allow specification of a dedicated ceramic matrix suitable for containment 
of these chlorinated waste streams. The results of tests to synthesize chlorosilicate phases are also discussed. 
© 2005 Elsevier B.V. All rights reserved. 


1. Introduction 

In order to recover high-energy elements such as 
uranium or plutonium, the reprocessing of spent 
nuclear fuel can be performed by a pyrochemical 
process [1]. In one such method developed at the 
Argonne National Laboratory [2], the actinides 
and fission products are extracted by electrodeposit- 
ion in a molten chloride medium. This extraction 
process is based on the distribution of the elements 
between a dense liquid or solid phase in which the 
elements are present in the metallic state, and a salt 
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phase in which the elements are present as chlorides. 
Reprocessing then comprises several successive 
steps: separation of the reducible elements (noble 
metals and other elements: Mo, Pd, Tc, Ru, Rh, 
Zr), separation of the actinides and lanthanides, 
and treatment of the bath for recycling. 

During extraction, the chloride bath becomes 
concentrated with radionuclide chlorides including 
alkali metals (Cs, Na, etc.), alkaline earth metals 
(Sr, Ba) and a few rare earth elements. These fission 
products significantly modify the physical and 
chemical characteristics of the salt, e.g. by increas- 
ing the salt melting point and contaminating the 
extraction cathode with fission products. The chlori- 
nated salt must then be regenerated or replaced. 
Since it contains radionucleides such as l37 Cs and 
90 Sr the salt is a high-level waste and highly water- 
soluble thus requires a specific treatment to insure 
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the final immobilization of these radionuclides. It is 
impossible to include chlorides into a silicate glass at 
acceptable concentrations. However due to a too 
high chloride concentration this waste stream there- 
fore cannot be vitrified as is [3,4]. 

Two alternatives are possible for managing this 
high-level wasteform: 

• Specifically process the salt to convert the chlo- 
rides to oxides suitable for conventional immobi- 
lization of the FP by vitrification. 

• Develop a specific ceramic matrix for this waste- 
form. The work described in the literature on this 
subject - particularly at the Argonne National 
Laboratory - led to the selection of a glass- 
bonded sodalite composite matrix comprising a 
sodalite phase (Na,K) 8 Al 6 Si 6 0 2 4Cl 2 incorporat- 
ing the alkalis and chlorine, embedded in a vitre- 
ous phase to accommodate the other fission 
products, i.e. mainly alkaline earth and rare earth 
elements [5,6]. The chemical durability of such 
matrix was tested and found to be in the order 
of 0.05 gm^d" 1 [7]. 

Both alternatives were considered in this study. A 
fission product dechlorination protocol is proposed, 
and mineral phases capable of immobilizing chlo- 
rides are listed. The results of tests dedicated to 
the preparation of chlorosilicate phases are also 
discussed. 

2. Results 

2.1. Dechlorination of FP -contaminated salts for 
conventional immobilization in an oxide glass 

The objective was to develop a specific treatment 
for the chlorinated salt generated by pyrochemical 
reprocessing of spent fuel in a chlorinated medium, 
in order to convert the chloride cations to oxides 
and recover the chlorine in a form compatible with 
immobilization in a suitable ceramic matrix. The 
oxidized cations could be easily loaded in a borosil- 
icate glass in a conventional melting process. 

We propose the following flowsheet (Fig. 1): 

1. Solubilization of all the chlorides in ultrapure 
water, 

2. Precipitation of the dissolved rare earth elements 
(Ce 3+ , Nd 3+ , La 3+ , Y 3+ ) and alkaline earth met- 
als (Ba 2+ , Sr 2+ ) as oxides by adding of potassium 
hydroxide (KOH) and filtration. 


3. Precipitation of the dissolved CP by silver oxide 
(Ag 2 6) to form insoluble silver chloride (AgCl) 
and filtration. Note that the AgCl product solu- 
bility in water at 25 °C is equal to 10" 9 * 7 . 

4. The rare earth and alkaline earth oxides plus the 
aqueous solution containing only a minimum 
amount of dissolved chlorine are now suitable 
for containment in an appropriate borosilicate 
glass. 

The recovered silver chloride can be submitted to a 
specific reprocessing to recover silver as Ag 2 0 for 
recycling in step 3. Chlorine would then be immobi- 
lized in a specific matrix. Silver chloride could also 
be melted to form pellets (T r = 454.85 °C). Then, 
provided it meets the immobilization criteria, espe- 
cially durability, it could be used as a chlorine con- 
tainment matrix. 

From a thermodynamic point of view [8], it 
should be possible to treat AgCl with hydrogen at 
300 °C to form metallic silver that could be oxidized 
for recycling in step 3. Hydrogen chloride could 
then be used to synthesize a salt suitable for the 
pyrometallurgical separation process (to be tested). 

The conversion process steps were tested at labo- 
ratory scale. The test salt composition (Table 1) was 
taken from the literature [6]. For greater simplicity, 
NdCl 3 , LaCl 3 and YC1 3 were replaced by CeCl 3 , and 
SrCl 2 was replaced by BaCl 2 . 

Dissolving 10 g of salt in 500 mL of water and 
adding 0.49 g of KOH (corresponding to 5 moles 
of KOH for 100 moles of chlorides) resulted in the 
production of 1 .23 g of a yellow hydrated precipi- 
tate; 19.14 g of Ag 2 0 were then added to the 
aqueous solution, corresponding to a slightly 
superstoichiometric (about 0.9%) quantity of Ag 
to allow the quantitative precipitation of CI". An 
AgCl precipitate was obtained, as confirmed by 
SEM/EDS analysis of the powder obtained after 
drying. The filtrate was diluted, then ICP/MS anal- 
ysis for cations and ion chromatography analysis 
for CI" yielded the results indicated in Table 2. 

• The resulting low CI concentration (1.2 x 
10~ 3 M) could be minimized by increasing the 
Ag 2 0 feeding. However, it will not be possible 
to remove all the dissolved chlorine as its concen- 
tration is also controlled by AgCl solubility 
{pKs = 9.7 at 25 °C). 

• Small quantities of Ba (1.6 x 10" 4 M) also 
remained in solution, indicating incomplete pre- 
cipitation of Ba(OH) 2 . This could be improved 
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Fig. 1. Flowsheet for conversion of contaminated chlorinated salt into oxides with EDS spectra identifying the nature of the silver 
precipitates and SEM image of AgCl pellet sintered at 300 °C for 10 h in air. 


Table 1 

Composition of chlorides (mol%) 

Salt 

Mol% 

CeCl 3 

0.73 

BaCl 2 

0.63 

CsCl 

1.32 

LiCl 

55.15 

KC1 

35.96 

NaCl 

6.10 

Table 2 


Composition of filtrate obtained after 

separation of AgCl 

precipitate obtained by adding Ag 2 0 


Element 

M 

Ce 

<7 x 10~ 6 

Ba 

1.6x 10" 4 

Cs 

8.1 xlO" 4 

Li 

2.7 xl0~ 2 

K 

3.9 xl0~ 2 

Na 

3.3 xlO" 3 

Ag 

1.5xl0" 6 

CI 

1.2 xlO" 3 


by pH adjustment. However, the Ba leftover 
stayed in solution after the addition of silver 
oxide due to a high dilution and therefore it 
was separated from chloride ions as alkaline 
metals. 

• Only a minimal fraction of the Ag entered solu- 
tion (1.5 x 10" 6 M). 


2.2. Immobilization of cations remaining in 
solution from the first precipitate 

Based on the analyzed cation composition and 
the CP concentration, the oxide mass concentration 
of the waste stream was calculated to assess whether 
this waste could be immobilized in a conventional 
borosilicate glass; the first precipitate containing 
all the initial cerium and a fraction of the barium 
was considered. 

The preliminary results (Table 3) suggest that by 
designing suitable formulations it should be possible 
to immobilize this waste stream with about 20 wt% 
of this waste loading in a borosilicate glass [9]. 
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Table 3 

Composition of oxides and chlorine in the waste vitrification feed 
stream (wt%) 


Oxide 


Wt% 


Ln 2 0 3 

7.09 

BaO 

5.71 

Cs 2 0 

4.00 

Li 2 0 

14.18 

K 2 0 

64.00 

Na 2 0 

3.53 

CI 

1.47 

Ag 2 0 

0.01 


Disposition of the AgCl precipitate: Two routes 
are possible for the recovered AgCl precipitate: 

1. The first one is to consider AgCl as a contain- 
ment material for chlorine and any remaining 
impurities in the precipitate. Melting at 500 °C 
was attempted with success and without any 
mass lost, leading to a full density chlorargyrite. 
The physical and chemical characteristics of this 
material (durability, mechanical strength, micro- 
structure, homogeneity, etc.) must be further 
investigated. 

2. The second one would be to recover the silver 
contained in the AgCl, reoxidize this Ag and 
recycle it as Ag 2 0 during the chloride precipita- 
tion step. This route involves a larger number 
of steps, but has an appreciable advantage in that 
it does not consume Ag in the complete cycle. 

AgCl reduction by aluminum chips was tested in 
aqueous media. The theoretical equation is the 
following: 

3AgCl + A1^3Ag +A1 3+ +3C1" 

This reaction is in competition with Al + 3H 2 0 — ► 
3H 2 -f A1 2 0 3 . 

The AgCl precipitate obtained during the preced- 
ing step was mixed with a large quantity of metallic 
aluminum chips. The AgCl was converted to Ag 
metal, forming a pile with the metallic aluminum 
and creating a side reaction releasing dihydrogen 
(bubbles were observed to form); a fraction of the 
aluminum was converted to alumina, inhibiting 
the previous reaction. The precipitate was then 
filtered and observed by SEM/EDS. The results 
revealed the presence of remaining silver chloride. 
Nevertheless, this is a promising route requiring fur- 
ther investigation. Indeed, as instance, the use of Al 
powder and/or another solvent could increase the 
reaction yield. 


2.3. Immobilization of AlCl 3 from the 
FP-contaminated salt dechlorination cycle 

2.3.1. Wadalite synthesis 

Wadalite (Ca 6 Al 5 Si 2 0 16 Cl3) was the first material 
investigated because of its potential use for immobi- 
lizing aluminum chloride, which could be produced 
in the process of converting the chlorinated stream 
to oxyhydroxides (Fig. 2), A mixture of 21.19 g of 
CaO, 15.21 g of A1C1 3 (6H 2 0), 12.84 g of A1 2 0 3 , 
and 7.57 g of Si0 2 was heated to 800 °C for 2 h. 
The XRD diagram of the resulting powder is shown 
in Fig. 2. 

The reaction was apparently incomplete, and 
several phases were observed: 

• wadalite, as expected, 

• some residual quartz (Si0 2 ) and corundum 
(A1 2 0 3 ), 

• apparently a second phase containing chlorine 
but no aluminum (Ca 3 Si0 4 Cl 2 ). 

A pressure-assisted sintering test of this powder 
was carried out after firing at 800 °C. The powder 
was pressed for 2 h at 100 MPa in a die heated to 
250 °C. The pellet density estimated by dimensional 
measurement was 2.1 (i.e. 70% of the calculated 
density). The pellet was examined by SEM/EDS 
(Fig. 3), confirming that the sample was porous 
and included two chlorinated phases, one of which 
was light-colored and contained no aluminum. 

Thermogravimetric analysis of the powder 
(Fig. 4) revealed: 


20000 


□ 49-1 856 wadalite 
t 70-2447 calcium silicate chloride 
o 83-2465 quartz 
■ 46-1212 corundum 


o 
O 


10000 



Fig. 2. XRD diagram of powder batch containing Si0 2 , CaO, 
AI2O3, AICI3 in stoichiometric proportions for wadalite, heat- 
treated for 2 h at 800 °C. 
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Fig. 3. (a) SEM image and (b) X-EDS analysis of wadalite pellet 
sintered at 250 °C and 100 MPa for 2 h. 



200 400 600 800 
temperature (°C) 


1000 1200 


Fig. 4. DTA/TGA of wadalite powder after heating for 2 h at 
800 °C. 


• about 1% mass loss up to 400 °C, 

• two exothermic peaks near 1060 °C (tone could 
correspond to the larnite crystallization), 

• no significant mass loss up to 1200 °C. 

These encouraging results led us to test a heat treat- 
ment at 1 100 °C to enhance the formation of wada- 
lite formation reaction. Two heating times were 


tested: 1 h and 10 h. Both powder were character- 
ized by XRD. Even after 10 h of heat treatment 
the reaction was incomplete (system composed of 
wadalite, calcium chlorosilicate and corundum) 
although wadalite became the major phase as the 
larnite disappeared and the intensity of the corun- 
dum and calcium chlorosilicate phases decreased 
in the XRD diagram (Fig. 5). 

Microstructural observation of the powder trea- 
ted for 10 h (Fig. 6) showed that the resulting crys- 
tals measured about 20 \xm, with a platty form 
poorly suited for sintering: a natural sintering test 
with a pellet pressed at 120 MPa from this powder 
for 5 h at 1 100 °C resulted in only 75% of densifica- 
tion (d=23). 

Another test of wadalite synthesis by the alkox- 
ide route was also performed. A mixture of tetraeth- 
oxysilane and aluminum sec-butoxide diluted in 
ethanol was added to a solution of calcium nitrate 


7000- 
6000 
g- 5000 
o 4000-j 


■ 

78-1794 wadalite 

0 

46-1212 corundum 

+ 

48-0827 calcium silicate 


chloride 

V 

33-0302 larnite 



10 hours 


1 hour 


Fig. 5. XRD diagram of powder batch containing Si0 2 , CaO, 
A1 2 0 3 , A1C1 3 in stoichiometric proportions for wadalite, heat- 
treated for 1 and 10 h at 1 100 °C. 



Fig. 6. SEM image of wadalite powder after firing for 10 h at 
1100 °C. 
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Fig. 7. XRD diagram of wadalite powder obtained by the 
alkoxide route and heat-treated for 2 h at 800 °C. 



Fig. 8. Scanning electron microscope image of Ca 3 Si0 4 Cl 2 pellet 
sintered at 700 °C. 


and aluminum chloride dissolved in ultrapure water. 
After evaporation of the solvent then drying at 
120 °C, the precipitate was heated for 2 h at 
800 °C. The powder was then characterized by 
XRD (Fig. 7), revealing mainly wadalite together 
with the minor phase, CaO (lime). Due to its high 
hygroscopic behavior, the formation of such minor 
phase has to be prevented especially because it will 
lead to high pH value when the sample is leached 
in water, enhancing the corrosion of the material. 

2.3.2. Calcium chlorosilicate 

As the chlorine weight amount of Ca 3 Si0 4 Cl 2 is 
twice the wadalite chlorine contain, potentially there 
is an interest to immobilize chlorine in such waste- 
form. By adding CaO to A1C1 3 and heating this 
mixture up to 200 °C, CaCl 2 and aluminum oxide 
are formed. By dissolving CaCl 2 , it is then possible 
to separate this phase from aluminum oxide by 
filtration. Then it is possible to confine the CaCl 2 , 
coming from this evaporated solution, in Ca 3 - 
Si0 4 Cl 2 wasteform. Indeed this phase can be syn- 
thesized by heating at 700 °C for 3 h a mixture of 
CaCl 2 , CaO and Si0 2 in stoichiometric proportion. 
The XRD analysis of the obtained powder revealed 
that Ca 3 Si0 4 Cl 2 is the major phase with another 
calcium chlorosilicate depleted in calcium chloride. 
Natural sintering was carried out at 700 °C on a 
75 MPa uniaxial-pressed pellet and led to a porous 
but homogeneous sample as shown in Fig. 8. 

These findings support not only the feasibility to 
convert the fission-product-bearing chlorinated salt 
stream into oxides suitable for vitrification, but also 
to immobilize chlorine in various forms - particu- 


larly chlorargyrite, wadalite or calcium chlorosili- 
cate - although this aspect requires optimized. 

2.3.3. Immobilization of chlorinated salts 
contaminated with fission products in a dedicated 
matrix 

In order to address the second research issue 
concerning chlorinated effluent management, we 
investigated crystalline phases capable to load 
chlorides. Our approach was to identify natural 
mineral phases with appreciable chlorine concentra- 
tions, in addition to synthetic crystalline phases 
listed in the JCPDS files (Table 4). Several chemical 
families are capable to immobilize chlorides: includ- 
ing chlorosilicates, chlorovanadates, chlorotung- 
states, chlorochromates, chloroselenates, and 
chloroniobiates. Within each chemical family, the 
phases are classified by decreasing chlorine weight 
content. Density and hardness values are provided 
when available, as they are indicative of the poten- 
tial suitability of the crystalline phase for contain- 
ment (a containment matrix must be mechanically 
stable, and the density and waste loading can be 
used to estimate the resulting waste package 
volume). No attempt has yet been made to obtain 
leaching resistance data. The mineral group is also 
indicated for the natural phases to provide further 
information on their crystal structure. Finally, 
as the objective is to immobilize simultaneously 
chlorine and fission product chlorides, the chemical 
composition of each phase - and especially the num- 
ber of cationic sites - must be considered in assess- 
ing its suitability for immobilization of alkalis, 
alkaline earths and rare earth elements. Crystalline 
or compatible glass-ceramic composites can also 
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Table 4 

Crystalline phases containing chlorine 


Chemical composition 

Name 

Mineral group 

Density 

Mohs hardness 

Cl(wt%) 

Silicates 






Ca30lU4d2 





25.0 

*i r: a /~M 
Ca6Al 5 ai2Ui6Cl3 

\\fn An \\ia 

waaaiiie 

r ClUbpalllUlU/ sUUall IC 

3,06 


12.9 

(Na,R)6^a2Al60l6U24^l2 

Quadndavyne 

r ClUsalllUlU/ CallLl 1111 lc 

2.335 


12.2 

Na3K 6 Ti2Al 2 Si 8 0 2 6Cl3 

Altisite 

Phyllosilicate 

2.65 

6 

8.9 

Na4AlBeSi 4 0 12 Cl 

Tugtupite 

Feldspathoid/sodalite 

2.36 

4 

7.6 

Na 8 Si 6 Al 6 0 2 4Cl2 

Sodalite 

Feldspathoid/sodalite 

2.29 

6 

7.3 

NaCa 2 Fe4AlSi6AI 2 022Cl2 

Ferrochloropargasite 

Amphibole 

~3 

5-6 

7.1 







Ln3VU 4 d6 





28 

^a 2 V W 4 \^l 





15.4 

PbCu 3 V0 4 Cl2 

Leningrad! te 

Carminite 

4.8 

4.5 

12.2 

KBa 2 V 2 07Cl 





6.3 

Pb,4(V04) 2 0 9 Cl 4 

Kombatite 




4.2 

Pb 5 (V04)3Cl 

Vanadinite 

Apatite 

6.9 

3.5-4 

2.5 

Selenates 






KCdCu 7 0i2Se 4 06Cl9 

Burnsite 



1-1.5 

25 

Zn 2 Se03Cl 2 

Sophiite 



2-2.5 

21.6 

Cu 9 0 2 (Se0 3 )4Cl 6 

Chloromenite 



1.5-2.5 

16 

NaCu 5 0 2 (Se03)2C! 

Ilinskite 


4.08 

1.5-2 

5.4 

Cu 3 Bi(Se03)20 2 Cl 

Francisite 



3^ 

4.9 


Tungstates 

A 2 WOCl 5 

A 2 W0 2 Cl4 

AW0 2 C1 2 

Ca 3 W0 5 Cl 2 

Ln 3 W0 6 Cl3 

FeW0 4 Cl 

LnW0 4 Cl 

Pb 3 W0 5 Cl 2 

Chromates 

Cs 2 CrOCl 5 

ACr03Cl 

Ca 2 Cr0 4 Cl 

Sr 2 Cr0 4 Cl 

Ca 5 (Cr0 4 ) 3 Cl 

Sr s (Cr0 4 )3Cl 

Ba8.5Cr 5 A1024Cl2 

Pb 10 (CrO 4 )3(SiO4)3Cl2 

Niobiates 
Pr 3 Nb0 4 Cl 6 
Nb 3 0 7 Cl 
LaNb 2 0 6 Cl 

Other 

La 2 Ta04Cl 3 

Nd 2 Ta 2 0 7 Cl2 

FeMn 7 Oi 0 Cl 3 

Sr 3 Ga 2 0 5 Cl2 

Pb 6 As 2 0 7 CU 

Pb3Mo0 5 Cl 2 

Ca 5 (P0 4 )3Cl 


Pinalite 


Bellite 


Eliophyllite 
Chloroapatite 


27.6- 45,3 

22.7- 38.2 
16.9-24.1 
15.6 

13 

10.5 

8.3 

7.4 

34.8 

13.3-24.9 

15.3 

10.9 

6.1 

4.3 

3.7 

2.6 

26.8 

8.3 

7.8 

16.9 

8.5 

15 

12.8 

8.6 

8.2 

6.8 


A: alkalis; Ln: lanthanides. 

be considered for immobilizing chlorinated fission 
products. 


Selenates compounds exhibit low hardness, and 
can be ruled out at the outset, as can the niobates 
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for reasons of cost. This leaves four promising 
chemical families: chlorosilicates, chlorovanadates, 
chlorochromates and chlorotungstates. 

Following the inventory of chlorinated phases we 
began testing chlorosilicate synthesis processes. 

Sodalite(Na 8 Al 6 Si 6 0 2 4Cl 2 ) matrices: The Ar- 
gonne National Laboratory has developed a com- 
posite glass-bonded sodalite ceramic to immobilize 
chlorinated fission products arising from a pyro- 
chemical process [6], In this process, chlorinated fis- 
sion products are confined in zeolite, which is then 
mixed with glass frit and hot-pressed to form a 
glass-bonded sodalite composite. The vitreous phase 
ensures satisfactory sintering and makes it unneces- 
sary to load all the fission products in the sodalite 
structure. The drawback of this process is its com- 
plexity (use of a high-temperature isostatic press). 
Other sodalite synthesis routes have been devel- 
oped. The 'thermal' method described by Koyama 
et al. [10,1 1] consists in a heat treatment of a mix- 
ture of sodium hydroxide, alumina and silica be- 
tween 250 and 600 °C for 2-20 h in dry 
atmosphere to form an anhydrous intermediate 
reaction product comprising NaA10 2 , Na 2 Si0 3 
and A1 2 0 3 . The anhydrous powder is then added 
to the salt and hot pressed between 250 °C and 
500 °C at pressures ranging from 10 to 70 MPa for 
1-8 h to obtain a compact pellet. The pellet is sub- 
sequently heated between 700 °C and 900 °C for 


20-200 h to prepare sodalite. Hydrothermal synthe- 
sis routes have also been successfully evaluated in 
many cases, but requiring more difficult techniques 
and longer synthesis times: for synthesizing a 'nitric' 
sodalite Na 8 (AlSi0 4 )(N02) 2 -*(N0 3 ) x [12,13], a 
'hydrosodalite' Na 8 (SiA10 4 ) 6 (OH) 2 [14], and a 'chlo- 
rinated' sodalite [15]. 

We first considered the synthesis of sodalite from 
an uncontaminated salt consisting of 0.4 mole KG 
and 0.6 mole LiCl. Like Koyama, we found it neces- 
sary to use an anhydrous intermediate reaction 
product, as the reaction between the salt and a mix- 
ture of sodium hydroxide, alumina, silica and so- 
dium chloride did not yield to sodalite. We chose 
nepheline (NaAlSi0 4 ) as the intermediate reaction 
product, however, rather than an anhydrous pow- 
der mixture as suggested by Koyama et al. [10,11]. 
Nepheline was synthesized from kaolinite (Al 2 Si 2 0 7 , 
2H 2 0) and sodium hydroxide (NaOH) by heating at 
700 °C for 2 h. The material was characterized by 
XRD and revealed the nepheline crystallization. 
The second step was to initiate a reaction between 
nepheline, potassium chloride and lithium chloride 
in stoichiometric conditions (Na 6 K 0 .8Lii. 2 Al 6 . 
Si 6 0 24 Cl 2 ) for 48 h at 700 °C. 

Following this reaction the powder consisted 
exclusively of sodalite (as shown in Fig. 9). Thermo- 
gravimetric analysis showed mass loss above 
830 °C, apparently reaching a peak at 1070 °C as 
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Fig. 9. XRD diagram and SEM image of sodalite powder (NaeLi^Ko.sAkSieC^Cy synthesized by heat treatment of a mixture 
nepheline and LiCl-KCl for 48 h at 700 °C. 
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temperature (*C) 

Fig. 10. DTA/TGA of sodalite powder after calcining for 48 h at 
700 °C. 


indicated by the endothermic peak (Fig. 10). We 
therefore proceeded the sintering of sodalite at 
800 °C. A dilatometry test was performed at this 
temperature for 3 h on a pellet pressed at 100 MPa 
(Fig. 11). Shrinkage was observed throughout the 


9 

dwell at 800'C 



0 50 100 150 200 

time (min) 

Fig. 11. Dilatometry measurement for 3 h at 800 °C of a sodalite 
pellet pressed at 100 MPa. 


75%/ th ). 


residence time at this temperature, but the shrinkage 
rate diminished over time. The rate variation curve 
versus time can be extrapolated to determine the 
moment at which the rate becomes zero, i.e. the time 
at which shrinkage ceases at this temperature: 5 \ h. 
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Fig. 13. XRD diagram and SEM image of sodalite powder synthesized by heat treatment of a mixture nepheline and lithium, potassium, 
barium, and strontium chlorides for 48 h at 700 °C. 


Table 5 


Wasteform quantities generated for 100 g of contaminated salt 


Salt 

Solvent (LiCl-KCl-eNaCl) 



91 g 


FP chlorides 



9g 


Total 



100 g 




Mass 

Volume 

LLW 

Dechlorination/vitrification 

AgCl 

250 g 

50 cm 3 



Or wadalite 

500 g 

170 cm 3 



Or calcium chlorosilicate 3 

250 g 

~100 cm 3 



Or CI recycling 


_b 


Direct immobilization 

None 

Og 

0 cm 3 

HLW 

Dechlorination/vitrification 

Borosilicate glass at ^1.5 FP oxide wt% 

500 g 

185 cm 3 


Direct immobilization 

Sodalite 0 

860 g 

370 cm 3 



Or glass/sodalite composite 

HOOg 

450 cm 3 


a +~30 g of alumina (7.5 cm 3 ). 
b Non-quantified. 

c Assuming rare earth elements and cesium enter the sodalite structure. 


On this basis, sintering test was carried out. A pellet 
pressed at 200 MPa was then sintered for 15 h at 
800 °C, reaching 75% of the calculated density as 
determined by geometrical measurements and scan- 
ning electron microscopic observation (Fig. 12(a)), 
In addition to the natural sintering test, an uniaxial 


pressure-assisted sintering test was carried out for 
5 h at 800 °C and at 25 MPa. Although the speci- 
men was fragmented along the compression axis 
on removal from the die, suggesting excessive pres- 
sure, the relative density of the fragments was 95% 
(Fig. 12(b)). 
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Then we evaluated the possibility of loading 
fission products in the sodalite structure. Sodalite 
was synthesized from nepheline and lithium, potas- 
sium, barium, and strontium chlorides under the 
same conditions. The resulting powder was charac- 
terized by XRD and appeared to consist mainly of 
sodalite. This was confirmed by microscopic exami- 
nation (Fig. 13) of a poorly densified pellet showing 
three sodalite phases of variable composition. 

3. Discussion 

In order to compare the two management 
options of the contaminated salt (dechlorination- 
vitrification versus direct immobilization) waste 
quantities generated to process 100 g of contami- 
nated salt were estimated and are reported in Table 
5. These values are very high and suggest the neces- 
sity to increase the amount of FP in the salt prior to 
the treatment. Indeed, the current amount of FP in 
the salt is about 9 wt% [6]. The first option seems to 
produce less HLW than the second one. Moreover, 
if it was possible to confine alkaline earth metals in 
the sodalite structure, there is no proof that cesium 
(large radius nuclide) could be incorporated. There- 
fore, we have to consider the glass-sodalite compos- 
ite option suggested by ANL [5], producing even 
more waste. Increasing the sodalite cage to make 
possible the containment of Cs in sodalite should 
be considered by substituting Al by Fe for example 
in further developments. 

4, Conclusion 

Two different routes can be taken to manage 
chlorinated salt streams contaminated by fission 
products from pyrochemical reprocessing of spent 
nuclear fuel. The salt can be converted to a verifi- 
able mixture of oxides and hydroxides and the 
chlorine recovered in a form compatible with the 
immobilization in a suitable ceramic matrix, or recy- 
cled as a salt in the pyrochemical separation 
process; or a suitable containment matrix can be 
developed for chlorinated salt comprising mainly 
LiCl and KC1 but contaminated by radioactive 


alkaline earth and rare earth elements. The feasibil- 
ity of the first option was demonstrated by describ- 
ing a chloride-to-oxyhydroxide conversion cycle 
and proposing solutions for chlorine immobilization 
in chlorosilicates such as wadalite (Ca 6 Al 5 Si 2 - 
O16CI3) or calcium chlorosilicate (Ca 3 Si0 4 Cl 2 ). 

Concerning the second option, phases capable of 
loading chlorides were reviewed and the initial syn- 
thesis tests of sodalite doped with alkalis and alka- 
line earths confirmed the potential of this phase 
for immobilizing chlorinated fission product waste. 

This work constitutes a starting point to be fur- 
ther develop in the near future, particularly for the 
first option, separation of lithium and potassium 
chlorides from the other alkaline chlorides will be 
studied in order to reduce waste volumes and for 
the second option syntheses and characterization 
of oxochloride phases will have to be attempted. 
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